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Abstract
I report on the study of the electrical and mechanical effects of the inclusion of a
thin layer of multiwalled carbon nanotubes (MWCNT) into the surface of
polydimethylsiloxane (PDMS) as a method of creating an electrically actuated, flexible
microfluidic valve. Samples of PDMS loaded with various surface loadings of MWCNT
on the surface are prepared and tested using a uniaxial tension tester, combined with a
four point probe electrical test. In contrast with other works reporting inclusion of
MWCNT in the bulk of the material, I have found that inclusion of the MWCNT on the
surface only has no discernable effect on the mechanical properties of the PDMS
samples, but causes a significant and repeatable change in the electrical performance. I
have also found that a loading of 4.16 g/m2 results in an electrical resistivity of 7.31·10-4
ohms·cm, which is 200% lower than that previously reported for bulk inclusion samples.
The microstructure of the MWCNTs was found to consist of both individual fibers and
spherical clumps of fibers. I suggest that, due to the microstructure of the MWCNTs used
in this study, the mechanical properties can be modeled as a thin layer of particulates,
while the electrical properties can be modeled as a thin bed of bulk MWCNTs.
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1. Introduction
Microfluidic systems control and transport reagents and fluids in compact devices
by integrating multiple components. Of these components, one of the most useful is the
microvalve, which allows switching of microfluidic flows. A standard design includes a
channel entering a valve seat, in which the fluidic path is opened or closed by
deformation of a membrane [1]. Microvalves are actuated by various methods, and are
broadly classified as either active or passive. Passive microvalves do not require an
external input in order to achieve actuation, and two examples are a check valve and ball
valve [1, 2]. Active microvalves, on the other hand, require an external input to induce
actuation. Two common methods of producing actuation in active microvalves are
pneumatic [3, 4, 5] and electrostatic [6].
One of the more common designs of pneumatic microvalves is based on pressure
actuation of the polymer membrane [4]. These valves have large deflection capabilities,
but suffer from having large externally applied pressure systems that are difficult to
miniaturize. Alternatively, many electrostatically actuated valves can be actuated with a
simple potential applied across the channel, but suffer from low displacements and
difficult fabrication processes, as well as leakage [1, 6]. Optimally, one would like to
have the flexibility and deflection distance of the pressure driven systems, but with the
ease of integration of the electrostatic systems, which would require the addition of a
flexible conductive layer to the flexible membrane [7, 8, 9]. One method to achieve this is
to add a conductive filler to the microvalve membrane.
A large deflection of the membrane compared to the channel height is necessary for
opening and closing the valve. Recently, silicone elastomer has been used for microvalve
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membranes due to its low Young’s modulus and good sealing properties [10, 11]. In
particular, polydimethylsiloxane (PDMS) has been used previously as the material for
microvalve membranes and channels [10, 12, 13] due to its excellent properties for use in
microfluidics. PDMS is a heat promoted curable polymer (thermoset) that consists of a
pre-polymer (base) and a cross-linker (curing agent). Khanafer, Duprey, and Schlict [14]
studied the effects different mixing ratios and strain rates have on the mechanical
properties. They used five different base to crosslinker mixing ratios (6:1-10:1) and found
that as the mixing ratio increases, the elastic modulus increases, but only up to a ratio of
9:1, after which the elastic modulus starts to decrease with increased mixing ratio.
Liu et al. [11] looked at the influences of curing temperature on the mechanical
properties of PDMS and found that PDMS has two different deformation regions within
its stress-strain curve. The first region is more linear with a smaller slope, while the
second region (starting at about 200% elongation) has a larger slope, meaning that a
larger force is needed to cause the same amount of elongation. This is believed to be due
to work hardening, where polymer chains start slipping, absorbing some of the applied
mechanical work. However, this result was not reported with others [14, 15, 16]. Liu el
al. also found that the mechanical properties of PDMS are independent of heating time at
low cure temperatures. However, at higher cure temperatures (above 200 oC) there is an
evident decrease in the mechanical strength of PDMS. Higher cure temperatures were
also found to yield lower mechanical strength compared to samples tested at lower cure
temperatures. This decrease in strength is believed to be due to thermal decomposition,
which starts at around 200 oC in PDMS.
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Since their discovery in 1991by Iijima [17], carbon nanotubes (CNTs) have been
used in conjunction with other materials to form nanocomposites. Others [15, 16, 18, 19,
20, 21] have used the high strength, stiffness, flexibility, resilience, and conductivity of
CNTs to increase the properties of polymers. This, along with their low density and high
aspect ratio, make CNTs ideal reinforcing agents. In particular, multiwalled carbon
nanotubes (MWCNTs) have different properties than single walled carbon nanotubes
(SWCNTs) due to the differences in manufacturing. MWCNTs have high electrical
conductivity and current density along their axis. In SWCNTs, conductivity depends on
the chirality of the graphene sheet, while MWCNTs are reported to always be electrically
conductive. However, the successful implementation of CNTs (both SWCNTs and
MWCNTs) in polymers also requires controlling the dispersion of CNTs to ensure
uniform and consistent composites [19]. This can be done a number of ways, including
using surfactants to help with dispersion [8, 19].
Mathur et al. [19] used MWCNTs to reinforce the thermoplastic polymers
polymethyl methacrylate (PMMA) and polystyrene (PS). The composites showed
increased conductivity with increased nanotube content. It was also found that the
addition of MWCNTs in PMMA and PS caused fracture to change from ductile to brittle.
Stiffness and elastic modulus also increased, while the increase in tensile strength was
reported as low. Differences between functionalized and non-functionalized MWCNTs
were also examined, and it was observed that the functionalized CNTs resulted in
improved strength compared to non-functionalized CNTs.
A few others [15, 16, 18] have added carbon nanotubes directly into the bulk of
PDMS and looked at the mechanical and electrical properties of the composite, although
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not simultaneously. Wu et al. [15, 16] mixed different weight ratios (up to 4.0 wt%) of
MWCNTs with PDMS and found that the elastic modulus and strength of the
nanocomposites increased with increased content of CNTs. Increased CNT content also
resulted in increased brittleness compared to pure PDMS. Additionally, higher curing
temperatures resulted in improved mechanical properties of the PDMS/CNT
nanocomposites. Wu et al. [16] also found that the electrical resistance of PDMS
improved with the addition of CNTs, observing that the resistance of PDMS/CNT
composites decreases two orders after the addition of 2.0 weight percent of CNTs.
However, the resistivity of composites was only recorded to be as low as 1012 Ω∙cm,
which is quite high when compared to resistivity of elemental carbon (0.001375 Ω∙cm)
[22].
Liu and Choi [8] studied the electrical effects of thin layered CNTs on PDMS for
flexible, patterned MEMS devices. In this study, a thin layer of PDMS/CNT composite
was added onto bulk PDMS. It was discovered that as the CNT weight percentage
increased in the composite, the conductivity increased. Samples ranging from 3 to 15
weight percent of CNTs were studied, with resistivities ranging from 33,333 Ω∙cm to
15.87 Ω∙cm. When compared to elemental carbon (0.001375 Ω∙cm), this is again quite
high, due to the fact that the PDMS acts as an insulator. It was speculated that an applied
electric field may align the CNTs inside the PDMS in a direction parallel to the electric
field. Mechanical testing was not performed. However, based on the mechanical testing
discussed above, it is expected that the mechanical properties of the composites would be
much stiffer and stronger than that of pure PDMS.
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Kim et al. [9] used a photolithography method to pattern CNTs on the surface of
PDMS. CNT layers ranging from ~700 to ~1300 nm where achieved, with a resistivity as
low as 0.013 Ω·cm at the thickest layer. This is about an order of magnitude higher than
elemental carbon (0.001375 Ω∙cm). The mechanical effects that this surface layering
method has on the composite was not studied in this work.
As noted earlier, large deflections of the microvalve membrane are necessary to
open and close the microchannel, and the addition of CNTs into the bulk of the PDMS
can cause the resulting composite to become quite stiff. This in turn causes the membrane
to require more energy in order to actuate, which is generally undesired. In order to avoid
large mechanical changes in the PDMS, a surface-stamping method in which the CNTs
are applied to the top surface of the PDMS is studied in this work. It is thought that this
method might not have as drastic an effect on the mechanical properties of the PDMS
while still providing a conductive layer.
This thesis describes the incorporation of CNTs imprinted on the surface of PDMS
as a method for increasing electrical conduction for use in electrostatic microvalves.
Here, I present the results of mechanical deformation on a CNT/PDMS composite, and
measure the mechanical and electrical response of the nanocomposite in-situ. This work
represents for the first time coupled mechanical and electrical behavior of surface-loaded
PDMS/CNT composites. Correlations between these two behaviors are directly made.
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2. Experimental
2.1 Material Preparation
RTV615 Silicon Rubber Compound (Momentive Performance Materials
RTV615A&B, Columbus , OH) was used for the matrix, and came in two components
that had to be mixed: a base and a crosslinker. A ratio of 10:1 base to crosslinker was
measured and mixed in a high shear mixer (THINKY AR-100, Tokyo, Japan) for 3
minutes and defoamed for another 2 minutes to ensure homogeneous mixtures. The
RTV615 compound is referred to as PDMS in this paper.
Multiwalled carbon nanotubes (MWCNT, 6-9 nm diameter, ~1000 aspect ratio,
SouthWest NanoTechnologies Inc, Norman, OK) were used as the conductive filler. In
order to achieve a randomly oriented and even distribution of CNTs, a solution of CNTs
(50 mg MWCNT: 500 mg sodium dodecyl sulfate (SDS): 50 mL distilled H2O) was
deposited on a filter. The CNT solution was sonicated using an ultrasonic cleaner (Fisher
Scientific FS30D, Waltham, MA) for 1 hour and the surfactant SDS served to keep the
CNTs suspended in the solution during filter preparation. A pipette was used to transfer
different volumes (2 – 8 mL) of the CNT solution into 100 mL of distilled water and
filtered through a Durapore membrane filter (Durapore 0.22 µm pore, Millipore,
Billerica, MA) with a vacuum pump and rinsed with ethyl alcohol to ensure that all the
SDS was rinsed through the filter. This resulted in a layer of uniform, randomly
distributed CNTs on the filter. The amount of CNTs on the filter could be adjusted by
adding different amounts of the CNT solution onto the filter. See Figure 1 for a schematic
of the process.
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2.2 Sample Preparation
PDMS/CNT composites were made by transferring the filtered CNTs onto semicured PDMS samples. The CNT stamping method used by Mohan et al. [23] was
employed to transfer the CNTs onto the PDMS. The 10:1 base to crosslinker mixture of
PDMS was poured into a wax mold (96x25 mm, 1.5 mm thickness) and semi-cured in an
oven at 70oC for 1 hour. A vacuum was pulled on the oven for the first 5 minutes to
eliminate any trapped air bubbles in the compound. The semi-cured PDMS was then
removed from the mold and stamped into a tension testing sample using a die-punch
(Texas Custom Dies, INC, Mansfield, TX) that followed ASTM standard D412 [24]. The
gauge length and gauge width of the test sample was 26 mm and 2.5 mm, respectively.
Figure 2 shows a picture of the dogbone sample and its dimensions. The PDMS sample
was weighed (Mettler-Toledo, Inc AB204-S/FACT, Columbus, OH) and the CNT filter
was stamped on one side. The PDMS/CNT composite sample was then weighed again, so
an accurate weight of CNTs on each sample was known. The composite was then placed
back in the oven for an additional hour to fully cure. Twelve (12) to fourteen (14)
composite samples were made at once from each batch of PDMS, and three (3) to five (5)
samples were left as ‘blank’ PDMS with no CNTs as a control group. In order to have
accurate measurements of the sample dimensions for stress calculations, width and depth
measurements were taken using an optical microscope (Nikon SMZ1000, Tokyo, Japan)
with an Infinity1 camera and Infinity Analyze software (Lumenera Corporation, Infinity
1-3, Ottawa, Ontario, Canada) along the gauge length. A depiction of the CNT transfer
process can be seen in Figure 1.
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Figure 1. Diagram of CNT transfer process.
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Figure 2. Dogbone sample and dimensions used for stamping PDMS.

2.3 Tension Testing Setup and Calibration
The specimens were tested in tension using a custom made robot that could move in
the X,Y, and Z axis with an accuracy of 15 μm and a repeatability between 5-10 µm. A
load cell (Transducer Techniques MDB-10, Temecula, CA) with a capacity of 10 pounds
was used to record the tension force. An amplifier/conditioner module (Transducer
Techniques TMO-1) was used to convert the signal from the load cell to a computer.
Each specimen was connected to a multimeter (Fluke 45 Dual Display Multimeter,
Everett, WA) at the grip interface using gold wire in order to record the resistance
throughout the tension test using a 4-wire resistance test (see Figures 2 and 3 for
approximate placement and wire set-up). To ensure all samples were gripped with an
even clamping force, a torque screwdriver was used to apply 4 inch-pounds of force to
the screws of each grip. The samples were tested at a strain rate of 0.01 mm/s. The
voltage and resistance were recorded throughout the sample displacement using LabView
software. Figure 3 shows a schematic of the testing setup. The voltage of the load cell
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was converted into a force using the specifications from the load cell, and the stress and
strain of the sample was calculated using the definition of engineering stress,
σ = F/A

(1)

ε = Δl/l

(2)

and engineering strain,

where F is the applied force, A is the original cross-sectional area of the sample, l is the
original length of the sample, Δl is the change in sample length. The measurements using
the Infinity Analyze software were used to calculate the cross-sectional area of each
sample. The CNT area density of each sample was calculated using the equation
Ad = Wcnt /As

(3)

where As is the surface area of the sample and Wcnt is the weight of the CNTs on each
sample. The percent weight of CNTs on each sample was calculated using
Wt.% CNT = Wcnt/Wt
where Wt is the total weight of the sample that is covered by CNTs (i.e. weight of the
CNTs plus PDMS covered by CNTs).
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(4)

Figure 3. Schematic of the testing setup

To ensure that the load cell and robot were functioning and recording data properly,
samples of pure PDMS tested using the custom tension testing machine were compared
to samples tested using a calibrated Instron machine. The results can be seen in Figure 4.
The curve of the sample tested using the custom tension testing robot closely follows the
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curve of the sample tested on the Instron machine, signifying that the force and
displacement recorded using the custom tension testing robot are accurate.

Figure 4. Stress-Strain Comparison with Instron

The noise seen in the custom-built tension machine used for these experiments is
due to the use of a brushed servo motor for displacement. The brushed servo motor steps
through the displacement, resulting in small ‘jumps’ in the voltage that the load cell
records. To smooth out the noise of the data, a Gaussian kernel regression was applied
[25, 26]. A kernel regression is a non-parametric regression method that does not assume
an underlying distribution of the data (such as a normal distribution). The kernel
regression assigns a set of identical weighted functions called kernels to each data point,
which assigns a weight to each location based on its distance from other data points. For
a given data set (Xi, Yi), a regression function ̂(x) is found that is a best-fit to the data.
The regression fits the data to the equation Yi = ̂(Xi), where:
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̂( )

∑
∑

(

)
(

)

(5)

where h is the bandwidth (a smoothing parameter) and K is the kernel. In this case, a
Gaussian kernel regression is used, where:

√

(6)

For each data point, the Gaussian kernel is applied over the entire X domain, and at
each x position, the estimated ̂ is calculated. The bandwidth works as a smoothing
function and gives weights to other data points around it. Figure 5 illustrates the result of
applying the Gaussian kernel regression to one of the data sets. From this point forward,
the stress-strain data will be shown with a Gaussian kernel regression applied, and
calculations for the elastic modulus will be made with the Gaussian kernel regression
data [25, 26].

Figure 5. Original Data with Gaussian kernel regression applied
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Tests were also run to ensure that the 4-point resistance set-up was functioning
correctly. The resistance of gold wire (Alfa Aesar, Premion Gold Wire, 0.5 mm diameter,
99.9985% pure, Ward Hill, MA) was measured, and the resistivity calculated. This was
compared to published results for the resistivity of gold. The measured resistivity was
2.36x10-8 Ω∙m and the published resistivity was 2.33x10-8 Ω∙m [27]. The percent error is
1.28%. See Appendices A and B for preliminary sample preparation methods and design
iterations of the dogbone shape and machine grips.
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3. Results and Discussion
3.1 Mechanical
3.1.1 Pure PDMS
Figure 6 shows the stress-strain curves of pure PDMS samples from the same batch
of PDMS. Samples from the same batch mean that they were mixed, placed in the oven,
and cured at the same time. All samples from the same batch have very similar stressstrain curves and are very consistent from sample to sample. PDMS exhibits a typical two
region stress-strain curve. The first region is more linear and has a smaller slope than the
second region. The second region has a larger slope (a larger stress is required to produce
the same amount of strain). This larger force required for deformation is due to the
polymer chains slipping and absorbing some of the mechanical work, and is typically
referred to as the work hardening effect [11, 28]. As seen in Figure 6, the transition from
the first region to the second region occurs at around 150% strain. This agrees with Liu et
al. [11], who also found that the transition between the two regions of PDMS also occurs
at around 150-200% strain.
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Figure 6. Pure PDMS stress-strain data from same batch

The elastic modulus (E = σ/ε) was calculated using a linear least squares fit from 0
to 100 % strain. The elastic modulus describes the stiffness of a material. The average
modulus of the samples from Figure 6 is 0.42 MPa. The similar stress-strain plot of
samples from the same batch indicates that the test procedure and results are highly
reproducible and repeatable.
While the stress-strain curves of PDMS from the same batch have similar stressstrain profiles, samples from different batches have slightly different stress-strain
profiles. Figure 7 shows a plot of the typical curves from four different batches of PDMS.
The variations between batches are attributed to small changes in the mixing ratio and
oven curing temperatures.
Table 1 shows a comparison of the elastic modulus between several different
batches from this work as well as other values from literature. The differences between
different works are due to the many parameters that affect PDMS’s material properties,
such as base to crosslinker mixing ratio, curing temperature, curing time, and strain rate.
16

These parameters have been shown by others [14, 15, 16, 18] to affect the material
properties of PDMS.

Figure 7. Stress-Strain Comparison between PDMS Batches
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Table 1. PDMS Comparison

Result
From

This
Work

Curing
Conditions
o

70 C for 2
hours

Strain
Rate

0.01
mm/s

65oC for
12 hours
500
mm/min

Wu et al.
[15]

Wu et al.
[16]

150oC for
15
minutes
100oC for
1 hour
150oC for
15
minutes

Elastic
Modulus
(MPa)

6:1
7:1
8:1
9:1
10:1
6:1
7:1
8:1
9:1
10:1

Batch 1
Batch 2
Batch 3
Batch 4
-----------

0.39
0.45
0.47
0.42
0.73
1.15
1.26
1.51
1.37
0.93
1.2
1.34
1.53
1.47

10:1

--

1.65

10:1

5
mm/min
Khanafer
et al [14]

PDMS
Batch

Mixing
Ratio

1 mm/s

1.05
0.1
mm/s

10:1

-1.32
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3.1.2 PDMS/CNT Composite
Figure 8 shows the effects that the addition of CNTs has on the mechanical
properties of PDMS. Composites with area densities ranging from 0.000 g/m2 (pure
PDMS) to 4.162 g/m2 are plotted. As can be seen, composite samples have a similar
stress-strain profile to that of pure PDMS. This indicates that the surface stamped CNTs
do not have a noticeable effect on the mechanical properties of the composite. As the
composites are strained, it can be seen that the plots are all initially aligned and have very
similar stresses up to 125% strain. However, at strains above 125%, differences in the
stress start to become more pronounced between the samples. The measurement
variations do not correspond to any particular area density, and are therefore attributed to
slight errors in the dogbone dimensions measured.

Figure 8. Stress-Strain plots of PDMS/CNT and pure PDMS samples
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Due to the proposed application for the CNT/PDMS composites for use in
microvalves, it is unlikely that strains greater than 100% will be seen. It is therefore
useful to look at the elastic modulus of the composites. Figure 9 shows a plot of the
elastic modulus versus the percent weight of CNTs for each sample from the previous
figure. As expected from the stress-strain plot, the addition of CNTs have a negligible
effect on the elastic modulus of the composites. The elastic modulus of surface stamped
CNTs are compared to those of CNTs added to the bulk of PDMS in Table 2. The percent
of CNTs added to the surface of the PDMS was limited by the amount that can ‘stick’ to
the surface of the tacky PDMS during sample preparation. For this reason, weight
percentages similar to those seen in studies examining the mechanical effects of bulk
added CNTs could not be achieved with the surface stamping method used in this work.
While the weight percentages of the two methods differ quite a bit, it can be anticipated
that the addition of CNTs to the bulk of the PDMS can have a more significant effect on
the mechanical properties of the composite.

Figure 9. Elastic Modulus vs Weight Percent of CNTs
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Table 2. Comparison of PDMS/CNT elastic modulus

Result
From

Strain
Rate

Curing
Conditions

CNT
Weight %

Elastic
Modulus
(MPa)

%
Increase
over pure
PDMS

This
Work

0.01
mm/s

70oC for 2
hours

0 - 0.11

0.42

--

1 mm/s

150oC for
15
minutes

0
1
2
4
0
1
2
4
0
1
2
4

1.65
1.71
1.91
2.34
1.05
1.17
1.1
1.35
1.32
1.41
1.43
1.54

-3.64
15.76
41.82
-11.43
4.76
28.57
-6.82
8.33
16.67

Wu et.
al. [15]

100oC for
1 hour
Wu et.
al. [16]

0.1
mm/s

150oC for
15
minutes

3.1.3 Theoretical Mechanical Models
In order to understand why the surface stamped CNTs do not have an effect on the
mechanical properties of the sample, it is important to understand some basics about
composite theory. In this section, several composite models will be explored to see if they
accurately predict the mechanical results achieved with the CNT surface stamped
method. The basic Rule of Mixtures for composites states that the modulus of a
composite is a volume weighted average of the moduli of the fiber and the matrix. The
basic Rule of Mixtures model is intended for a composite with long continuous fibers
oriented in the same direction. The Rule of Mixtures predicts an elastic modulus of
Ec1 = Ef1Vf + EmVm
in the longitudinal direction and
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(7)

1/Ec2 = Vf/Ef2 + Vm/Em

(8)

in the transverse direction, where E is the elastic modulus, V is the volume fraction, and
the subscripts c, f, m, 1 and 2 denote the composite, fiber, matrix, longitudinal direction,
and transverse direction, respectively [29]. While the basic Rule of Mixtures assumes that
the fibers are as long as the specimen (so they are bearing a significant portion of the load
during strain), Tsai and Pagano [29] modified the basic Rule of Mixtures model to
incorporate composites with randomly oriented discontinuous fibers. Tsai and Pagano
used the following equation for the average elastic modulus:
̃

⁄ (

)

⁄ (

)

(9)

where E1 and E2 are the longitudinal and transverse elastic modulus of the composite
obtained from the basic Rule of Mixtures. The volume of the matrix and fiber was
calculated by using the average dimensions of the dogbone to get a volume of 1210.965
mm3 for the matrix (assuming a depth of 1.5 mm) and 0.00605 mm3 for the fiber
(assuming a depth of 7.5 nm, the average diameter of the CNTs used). This gives a
volume fraction of 0.999995 for the matrix and 0.000005 for the fiber. Using an elastic
modulus of 0.00042 GPa (from Batch 4 used in this study) and 1000 GPa [30, 31, 32] for
the PDMS and CNT, respectively, the Tsai and Pagano equation gives a theoretical
elastic modulus of 2.29 MPa for the composite. The actual mechanical results give an
average elastic modulus of 0.42 MPa for the composite. While this is much higher than
what the actual mechanical results yielded, it is important to note that these equations
where designed for fibers added to the bulk of the matrix. The Rule of Mixtures model
also does not take into account the effect that the size of the fibers and the matrix-fiber
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bond has on the composite. A model that takes into effect these conditions is therefore
needed.
While the addition of fibers generally adds to the strength of the matrix, the fiber
size can affect the load that is transferred from the matrix to the fiber. The fiber-matrix
bond also plays an important role in the way the load is transferred throughout the
composite [27, 33]. When a load is applied to the composite, it is transferred from the
lower modulus matrix to the higher modulus fiber. This load transfer is more effective
when a strong bond between the matrix and fiber exists. The load transfer ceases at the
fiber ends, and the load is no longer transmitted from the matrix to the fiber. Long fibers
are therefore the most effective for strengthening the matrix because more of the applied
load is transferred to the higher modulus fibers. A critical fiber length exists for the most
effective strengthening of the composite. This critical fiber length is dependent on the
fiber diameter, fiber strength, and the strength of the fiber-matrix bond [33]. For fibers
with lengths significantly less than the critical length, the matrix deforms around the fiber
and the applied load is not effectively transferred to the fiber. Thus, for very small fibers,
the matrix bears the major portion of the applied load, and the fibers act as particulates.
Fukuda et al. [33] modified an equation used for fibers and used the following equation to
predict the modulus of a composite with particulate reinforcements:
[

(

)

]

(

)

(10)

where L is the length of the particle perpendicular to the applied load, t is the length of
the particle parallel to the loading direction, Vp is the volume fraction of the particulates,
and Em is the elastic modulus of the matrix. Using the values of 0.42 MPa for the elastic
modulus of the matrix, a volume fraction of 0.000005 for the particulates, an L of 7.5 nm,
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and a t of 7500 nm (CNT aspect ratio of 1000) gives a predicted elastic modulus of
0.4205 MPa for the composite. This gives approximately the same result as that of pure
PDMS, and is similar to the results seen in the mechanical tests.
3.2 Electrical
3.2.1 CNT/PDMS Resistance
The recorded resistance was plotted versus the percent engineering strain. A curve
fit was applied to the curve of each sample, and a 2nd order polynomial was found to be
the best fit for all the samples, with r2 values ranging from 0.9924 to 0.9995. The
resistance measurements during strain for samples from the same batch with the 2nd order
polynomial fit are shown in Figure 10. For each sample, the resistance increases with
increased strain until infinite resistance is reached. However, the rate of change in
resistance varies drastically with the area density of CNTs present. The change in
resistance of samples with a higher area density of CNTs increases at a lower rate than
samples with a smaller area density. Samples with a higher area density also have a lower
initial resistance. It is hypothesized that the higher amount of CNTs present in samples
with a higher area density creates more pathways for current to flow through. The high
number of pathways present in these samples means that some of the pathways are
redundant. This means that as the samples are strained, several pathways may get pulled
apart, but others will still be able to carry the current, and thus the resistance changes at a
much lower rate. The converse is also true: samples with fewer CNTs have fewer initial
pathways, resulting in a higher initial resistance. Fewer CNTs also results in fewer
pathways for current to travel, so when one pathway is broken, the current has to take a
longer path across the sample, resulting in a greater increase in resistance per strain.
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Figure 10. Resistance as a function of strain with a 2 nd Order Polynomial Fit Applied

Figure 11 shows a plot of the initial resistivity as a function of CNT percent weight.
Also plotted are the resistivity’s for bulk carbon powder, graphite, and bulk MWCNTs
measured using different resistance measurement methods [34, 35, 36]. As can be seen,
the initial resistivity of the samples with a high area density of CNTs is lower than
samples with a low area density. The resistance of the bulk MWCNTs and carbon powder
for this comparison were all calculated assuming a bed of bulk particles 7.5 nm thick, 2.5
mm wide, and 63 mm long (the average diameter of the CNTs, approximate width of the
samples, and approximate starting separation of the test leads, respectively). Modeling
the CNTs as bulk powder gives a good approximation of the initial resistivity of the
composite samples, and shows that the surface-stamped PDMS/CNT composites have
resistivity on the order of bulk powders.
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Figure 11. Initial Resistance vs. CNT % Weight

Just as the stress per strain changed with increased CNT weight percentage, the
resistance per strain also changes with increased CNT weight percentage. Figure 12
shows a plot of the initial resistance per strain as a function of the weight percent of
CNTs. The initial resistance per strain was calculated using a tangent method, where the
derivative of 2nd order polynomial fit was taken at 0% strain. As can be seen, the higher
the weight percent of CNTs on the composite, the lower the change in resistance. This is
consistent with the hypothesis that samples with a higher area density have more
electrically parallel pathways. The multiple pathways present in high loadings of CNTs
allow for a lower sensitivity to strain, whereas at lower loadings, strain may be
eliminating one of a few effective conductive paths, leading to a higher change in
resistance with strain.
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Figure 12. Resistance per strain versus CNT weight percent

3.2.2 Scanning Electron Microscopy
SEM images of several samples were taken to understand what is happening at the
PDMS/CNT interface. This allowed for examination of the CNT layer and a better insight
into the mechanical and electrical results. Figure 13 shows the SEM images of two
samples, one with a high area density of CNTs and one with a low area density of CNTs.
As can be seen, the sample with the low area density is much sparser than the sample
with a high area density of CNTs. This corresponds with the plot of Figure 10, where
samples with more area density have a lower initial resistance and a shallower slope. It
also supports the hypothesis that the higher area density samples have more pathways for
current to travel. Also of note in Figure 13 are the CNTs themselves. The CNTs are
clumped into large spheres with individual CNT fibers connecting the ‘spheres’. In order
to discover whether or not this was a result of sample preparation, three different samples
were imaged that were prepared using three different methods: one where the CNTs
where put in a solution of H2O and the surfactant SDS as described above, one where the
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SDS was eliminated from the solution, and one where the CNTs were stamped directly
onto the PDMS. The results indicate that the clumping of the CNTs was not a result of
sample preparation, as all three preparation techniques show a clumping of the CNTs. It
is therefore assumed that the clumping is a result of manufacturing or storage, and were
received this way. While no direct testing was performed on the adhesion of CNTs to
PDMS for each of the three transfer methods, it was noted through observation and
handling that none of these methods seemed to produce increased adhesion. As seen in
Appendix C, the amount of CNT clumping appears similar between each transfer method.

a)

b)

c)
Figure 13. SEM images for two samples. a) shows a sample with an area density of 0.005413 kg/m2.
b) shows a sample with an area density of 0.002941 kg/m2. c) shows a close-up of the CNT spheres
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Beigbeder et al. [37] looked at the percolation threshold of a CNT/PDMS
composite where the CNTs were added to the bulk of the PDMS. They plotted the
conductivity of the composite as a function of CNT weight percentage and found a
percolation threshold at 0.03 weight percent CNTs, and a critical volume fraction at 0.1
weight percent of CNTs. However, as can be seen in Figure 14, the conductivity of the
samples from this study are much higher than from Beigbeder et al. [37], where the CNTs
were added throughout the volume of the samples. The highest conductivity that
Beigbeder et al. [37] recorded was 1·10-6 S/cm at 1 weight percent CNT loading. This
compares to 1368.51 S/cm, recorded at a weight percent CNT loading of 0.0833 percent
in this study. This is approximately 200% higher than recorded by Beigbeder et al. [37] at
a much lower loading percent of CNTs.

a)

b)

Figure 14. Conductivity versus weight percent of CNTs. a) is from Beigbeder et al. [37] and b) is from
this work

Wu et al. [16] also performed a study of the initial resistivity as function of CNT
weight percentage from samples ranging from 1 to 4 weight percent of CNTs. As can be
seen in Figure 15, the resistivity reported was much higher than in the surface-stamped
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composites used in this work. The lowest resistivity recorded by Wu et al. was 1·1012 at 4
weight percent CNT loading. This compares to a resistivity of 7.31E-4 Ω·cm recorded at
a weight percent CNT loading of 0.0833 percent in this study. The resistivity is
approximately 200% lower using a surface stamp technique at much lower CNT
loadings. The superior electrical results give a good indication that adding CNTs to the
surface of the PDMS is preferable for a microvalve membrane for electrostatic actuation.
Comparison with the studies from Beigbeder et al. [37] and Wu et al. [16] supports the
hypothesis that surface-stamped CNTs cause a much more conductive composite than
bulk added CNTs.

a)

b)

Figure 15. Resistivity versus weight percent of CNTs. a) is from Wu et al. [16] and b) is from this
work
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4. Conclusion
This thesis focused on the mechanical and electrical properties of a surface
embedded PDMS/CNT composite as a proof of concept for a microfluidic microvalve.
Results indicate that the amount of CNTs surface stamped onto PDMS have negligible
effects on the mechanical properties of the composite, while having significant effects on
the electrical properties. The initial resistance and change in resistance per strain is lower
in samples with higher area densities of CNTs. SEM images of samples support the
hypothesis that samples with a greater amount of CNTs have more pathways in which
current can travel. Surface stamping the CNTs on the PDMS also results in a much higher
conductivity when compared to samples with CNTs added to the bulk of the PDMS. The
initial resistance of the composites was also within the range of bulk powders of carbon
and MWCNTs. A low change in mechanical properties while still having good
conductivity is important from a microvalve membrane standpoint because it allows for
actuation with the most compliant membrane. While a surface-stamped CNT/PDMS
composite appears to be a promising way to achieve a conductive microvalve membrane,
further research needs to be done to understand the effects of cyclic loading on the CNT
orientation as well as their ease of incorporation into microfluidic systems.
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Appendices
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Appendix A – Preliminary PDMS and Composite Sample Preparation
As discussed in the Introduction, a PDMS/CNT composite is being explored for use
as a high displacement microvalve membrane that is easy to integrate in microfluidic
systems. The most straightforward method to make a PDMS/CNT composite is to mix
the CNTs directly into the bulk of the PDMS. However, due to PDMS acting as an
electric insulator, the percolation threshold to achieve conduction is quite high, and
requires a high weight percentage of CNTs to be added to the PDMS matrix. However,
the high amount of CNTs needed for conduction also considerably strengthens and
stiffens the composite. In terms of microvalve actuation, it is desirable to have the most
compliant membrane possible so that the least amount of energy is required to achieve
actuation. A PDMS/CNT composite with mechanical properties similar to that of pure
PDMS, while still being electrically conductive, is therefore preferable. Several
composite preparation techniques were therefore explored to try and achieve this.

Initial Preparation Technique
The first technique explored consisted of inserting a layer of CNTs between two
layers of PDMS: a 1.5 mm thick layer and a thin film. The thin layer of PDMS was
prepared by spin-coating PDMS (20:1 ratio of base to crosslinker ratio) onto a silicon
wafer at 5000-7000 revolutions per minute. This gave a PDMS layer approximately 1020 µm thick. The silicon wafer with the PDMS was then semi-cured in an oven at 70oC
for 45 minutes, stamped with a CNT filter (see Experimental section for preparation), and
then stamped onto a semi-cured PDMS sample (approximately 1.5 mm thick, 5:1 base to
crosslinker ratio). The different mixing ratios of the PDMS layers helped with
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crosslinking between the layers (through the thin CNT layer) so that the two layers of
PDMS could stick together as a single composite. While different mixing ratios of base to
crosslinker can cause different mechanical properties in the PDMS, it was believed that
the different PDMS layers would not cause the composite to become stiffer on one side
due to the thinness of one of the PDMS layers. The resulting composite sample was then
fully cured in the oven at 70oC for 1.5 hours. The PDMS was then peeled off of the
silicon wafer, resulting in a layer of PDMS, CNT, and thin layer of PDMS. Figure 16
shows a cross-sectional image of the composite.
The composite was then stamped into the dogbone tensile testing shape, and
mounted to the custom tension testing robot in the same fashion as described in the
Experimental section. In order to record resistance, the samples were pierced all the way
through with gold wire. This method was abandoned due to lack of consistency between
samples. Often, the thin layer of PDMS would tear during the peeling process or the
dogbone stamping process. It was also difficult to get an approximation of the weight of
the carbon nanotubes due to the CNT layer being stamped before the samples were
stamped into the dogbone shape.

PDMS layer
(~1.5 mm thick)

CNT layer
PDMS layer
(~10-20 µm thick)

Figure 16. Cross-section of thin-layered CNT sandwiched composite.
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Second Preparation Technique
A similar preparation technique was utilized next, in which the CNT layer was
stamped between two layers of PDMS, each of the same thickness. The PDMS layers
were prepared by pouring the PDMS (10:1 ratio base to crosslinker ratio) in a wax mold,
approximately 1.5 mm thick, and semi-curing in an oven at 70oC for 1 hour. The samples
were then stamped into the dogbone tensile testing shape, weighed, and stamped with the
CNT filter as described above. The samples where re-weighed and placed back in the
oven for an additional 1.5 hours at 70oC to fully cure. Figure 17 shows a cross-sectional
image of the composite.

PDMS layers
(~1.5 mm thick)

CNT layer

Figure 17. Cross-section of CNT sandwiched composite.

Unlike with the initial preparation method, the two layers of PDMS in this method
used the same base to crosslinker mixing ratio in each of the two PDMS layers. As
discussed in Initial Preparation Technique section, while using different mixing ratios can
help promote crosslinking between the different PDMS layers, it can have a significant
effect on the mechanical properties of PDMS layers. In this case, because the two layers
of PDMS are the same thickness, a difference in stiffness of one layer would cause an unsymmetric composite in terms of stiffness. During tension testing, the stiffer layer would
take a larger force to strain, causing the sample to have both a bending and axial force
applied. This could result in the stress and strain calculations to be inaccurate. For this
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reason, the two layers have the same base to crosslinker mixing ratio, even though this is
less conductive to crosslinking between the PDMS layers.
This method had several problems. The first problem occurred in samples of pure
PDMS (with no CNT layer) occasionally de-laminating into two layers after they had
been cured together. This de-lamination would occur during tension testing, and would
result in the sample breaking in two different locations. An example of this can be seen in
Figure 18.

Figure 18. Example of de-lamination that occurred during tension testing.

This would also cause problems with stress and strain calculations, and cause
inconsistencies and lack of repeatability in the samples. A plot of the stress-strain results
after a sample broke in two different locations after de-lamination can be seen in Figure
19. As the sample was strained, the two layers of PDMS de-laminated from each other,
and one layer broke first. This is represented on the graph in the small jump in stress at
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around 350% strain. The sample continued to be strained, but was now half as thick as it
originally was at the beginning of the tension test.

Figure 19. Stress-strain curve where dogbone sample broke in two halves

Another problem occurred when the layer of CNTs were applied between the two
layers of PDMS. In these samples, there was difficulty in getting the two layers to PDMS
to cure together between the CNT layer. The crosslinker of the PDMS could not
effectively permeate between the CNT layer, frequently resulting in the two PDMS layers
to not bonding together. This resulted in the PDMS only sticking together at the top and
bottom of the sample, where CNTs were not stamped. This effectively resulted in the
composite acting as two separate samples during tension testing.
A third problem was a difficultly in achieving consistent resistance readings using
the 4 point measurement. This was due to the gold wire needing to be pierced through the
sample in order to interact with the CNT layer. This not only made it difficult to read the
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resistance readings consistently due to the small area of contact, but piercing the sample
also resulted in a stress concentration, causing some samples to break at the gold wire
interface during tension testing.

Current Preparation Technique
The current preparation technique eliminates one of the layers of PDMS used in the
second preparation technique. The PDMS/CNT composite is therefore consists of a layer
of PDMS with a thin layer of CNTs on top, as seen in Figure 20. The sample preparation
is explained in the Experimental section. Because the CNT layer is now on the outside of
the composite, the gold wire does not have to pierce through the sample, and eliminates
the stress concentration that this caused. The gold wire was therefore flattened and placed
in between the CNT layer and the machine grips. The larger contact area of the flattened
gold wire made for more consistent resistance measurements.

PDMS layers
(~1.5 mm thick)

CNT layer

Figure 20. Cross-section of the current composite.
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Appendix B – Mechanical Testing Design Iterations and Results
Several design iterations were performed on the dogbone tension shape and the
machine grips that hold the sample in place throughout the displacement. ASTM D412,
the standard test methods for vulcanized rubber and thermoplastic elastomers in tension,
was referenced by others in literature and used as the basis for the dogbone shapes used
in this work. Figure 21 shows an example of two different dogbone shapes used in
literature, each of which referenced the ASTM D412 standard. Figure 21 gives an
indication of the large variations that can exist between the dimensions of the dogbones
in the ASTM standard.

a)

b)

Figure 21. Two dogbone shapes used in literature. a) is the dogbone used by Liu et al. [11] b) is the
dogbone used by Khanafer et al. [14]

Initial Dogbone Design (Dogbone Design #1)

The initial dogbone shape and its dimensions can be seen in Figure 22. During
tension testing, this dogbone shape consistently broke along the radius which transitions
into the gauge width, as can be seen in Figure 22 b). This indicates that there is a stress
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concentration occurring at this transition, causing the samples to break here instead of
along the gauge width. This caused inaccuracies in the cross-sectional area used for stress
calculations.

6.25 mm

42 mm

12.75
mm

a)

b)

Figure 22. Original dogbone shape. a) shows the dogbone dimensions. b) shows the common failure
location.

Second Design Iteration of Dogbone (Dogbone Design #2)
The next dogbone iteration used an ASTM standard with a longer gauge length,
narrower gauge width, and increased radius transition into the gauge width. The increased
radius was utilized to try to smooth out the transition into the gauge width and eliminate
the stress concentration seen at this location in dogbone design #1. The second dogbone
design and its dimensions can be seen in Figure 23. As can be seen in Figure 23 b), the
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samples again broke at the transition radius as well as at the grip interface, rather than
along the gauge width. The stress-strain plot associated with samples from dogbone #2
can be seen in Figure 24. The four samples shown have a wide variation in their stressstrain curves. Because the samples broke outside of the gauge width, an accurate
measurement of the cross-sectional area at which the samples broke could not be
achieved. This, along with samples slipping in the machine grips (as described in the
following section), caused the wide variation in the mechanical properties recorded.
While the dogbone standards with a shorter gauge length and wider gauge width worked
for others in literature, the combination of these dogbone shapes with the grips used
during tension testing caused the samples to break outside of the gauge width. A dogbone
shape with a longer gauge length and narrower gauge width, as well as modifications to
the machine grip design, where necessary in order to achieve failure in the dogbone along
the gauge width.
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5.5 mm

72 mm

20 mm

Figure 23. Second design iteration of the dogbone. a) shows the dogbone dimensions. b) shows the
common failure locations.

Figure 24. Stress-Strain curves showing differing mechanical properties of samples tested using
dogbone design #2.
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Machine Grip Design Iteration
The initial grip design can be seen in Figure 25. It had a smooth surface in which
the dogbone specimens were clamped. The smooth surface of this grip design required a
high clamping force to be applied to the samples in order for the samples not to slip
during displacement. The high clamping force necessary created a stress concentration
along the grip interface, causing some samples to break at this location. However, at
higher strains some samples still slipped in the grip, even with the high clamp force
applied. This caused inaccuracies in the strain calculations, especially at higher strain
rates, where sample slip was more prevalent. Figure 26 shows a stress-strain plot where
one of the samples slipped (Sample 4). As can be seen, Sample 4 closely follows the
stress-strain profile up to about 180% strain, as indicated by the dashed vertical line. At
this point, the sample begins to slip in the machine grip. As the sample slips, the force
recorded by the load cell decreases, and inaccurate mechanical properties are recorded.
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Figure 25. Initial grip design with smooth interface.

Figure 26. Example of sample slip in Sample 4 during strain. The red dashed line indicates where the
sample began to slip.
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A knurled surface was added to the interface to help grip the samples and decrease
the clamping force applied to the samples. This reduced the stress concentration at the
grip interface, but caused the knurled surface to cut into the PDMS. Again, this caused
the samples to break along the damaged surface, instead of along the gauge width. Design
iterations to the sample preparation technique were being performed (as described in
Appendix A) while the grip design was being modified. Because the new preparation
technique had the CNTs surface-stamped onto the PDMS, the grip interface had to be
modified so that the samples would be electrically isolated from the rest of the system for
resistance measurements. A rubber interface was applied to the knurled grip interface that
comes in contact with the CNT layer. This not only served to electrically isolate the
samples, but further helped grip the samples and prevented the knurled surface from
cutting into the PDMS. The modified grip design with knurled surface and rubber
interface can be seen in Figure 27.

Figure 27. Grip design with knurled surface and rubber interface.
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Final Design of Dogbone (Dogbone Design #3)
Figure 28 shows the final design iteration of the dogbone. An ASTM standard with
a longer gauge length and narrow gauge width, along with the modifications to the
machine grips, was found to eliminate the stress concentrations along the transition radius
that was prevalent in the early dogbone iterations. Figure 28 b) shows examples of
common failure points using this dogbone shape.

2.5 mm

88 mm

26 mm

Figure 28. Final design iteration of the dogbone. a) shows the dogbone dimensions. b) shows the
common failure locations.
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Appendix C – SEM Images of Three Different CNT Transfer Methods

CNTs Direct Transfer Method

CNT Solution with no SDS Transfer Method

CNT Solution with SDS Transfer Method
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Appendix D – Equations
Elastic modulus of the CNTs in the longitudinal direction:

Elastic modulus of the CNTs in the transverse direction:

Elastic modulus of the PDMS:

Approximate area of the dogbone stamp:

Approximate thickness of the PDMS layer:

Approximate thickness of the CNT layer:
(

)

Approximate volume of the PDMS layer:

Approximate volume of the CNT layer:
(
Approximate total volume of the composite:

Volume fraction of PDMS:
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)

Volume fraction of CNTs:

Length of CNT perpendicular to the applied load:
(

)

Length of CNT parallel to the loading direction:

Basic Rule of Mixtures in the longitudinal direction:

(

)

(

)

Basic Rule of Mixtures in the transverse direction:

Tsai and Pagano modified Rule of Mixtures for randomly oriented discontinuous fibers:
̃
̃

(

)

⁄ (
(

⁄ (

)

)

)

Fukuda & Chou and Nardone & Prewo particulate reinforced composite modulus:
[
[

(

(
(

(

)

)

]
)

(

))
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]

(

)
(

)

Appendix E – Codes
MATLAB code used to apply a Gaussian kernel regression to the inputted data:
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LabVIEW code used to record the data from the load cell and mulimeter:
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The user interface of the LabVIEW code:
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